Babraham, Cambridge (Received 23 December 1957) The study of fluorine-substituted metabolites may give information about the pathways of normal metabolism or lead to the discovery of compounds suitable for therapeutic or pesticidal use. The compound 3-fluoro-DL-propane-1:2-diol (DL-1-deoxy-1-fluoroglycerol) was first described by GryskiewiczTrochimowski (1947) , and its physical properties were given by Taylor & Kent (1956) . Dr R. M. C. Dawson (personal communication) observed that the compound was toxic to mice and induced citrate accumulation, particularly in heart and kidney, and to a lesser extent in liver. Since the present work was started, Pattison & Norman (1957) have reported that DL-1-deoxy-l-fluoroglycerol is toxic to the mouse, and have suggested that it is oxidized in vivo to fluoroacetate or fluoroacetaldehyde, on the grounds of a comparison of its toxicity with that of various possible metabolites of DL-1-deoxy-1-fluoroglycerol or of their derivatives.
MATERIALS AND METHODS DL-L-Deoxy-l-fluoroglycerol (FG) and epifluorohydrin were synthesized by Drs Taylor and Kent and generously presented to us by them. [Dr Kent found (for FG): C, 38-0%; H, 7-6%. Calc. C, 38-3; H, 7.45%.] Sodium fluoroacetate was purchased from the Monsanto Chemical Co. The disodium salt of adenosine triphosphate (ATP) was used, purchased from the Pabst Laboratories, Milwaukee, Wisc., U.S.A. Citrate was determined by the method of Taylor (1953) , except that the step of drying the light petroleum was omitted. Phosphate was determined by the method of Rockstein & Herron (1951) . Acid-labile phosphate was determined following 10 min. hydrolysis in NHCl at 100°. Glycolysis was measured according to LePage (1948) . Kidney particles were prepared and assayed, with fumarate as substrate, as described by Peters & Wakelin (1953 ; brain particles were used as described by these authors. Metabolic products were examined for organic acids, by two-dimensional paper and by column chromatography.
Paper chromatography. The two-dimensional hydroxamate system of Bergmann & Segal (1956) was used; the first solvent was absolute ethanol-pyridine-waterammonia (60:20:6: 14, by vol.) and the second was absolute ethanol-dioxan-water-acetic acid (60:20:19:2, by vol.) . At the suggestion of Dr D. B. Lindsay, the free acid for chromatography was obtained by evaporating a solution of the sodium salt to dryness, taking up in 751. of 30% H3PO4, adding to a micro-column (0-6 cm. x 1-5 cm.) of anhydrous Na2SO4 topped with Celite 545, and washing through with ether.
Column chromatography. The material to be chromatographed was made alkaline and evaporated to dryness on the steam bath, then taken up in 0.5 ml. of 0'5N-H2SO4, and chromatographed by the silica-gel-column procedure of Bulen, Varner & Burrell (1952) , eluting only with butanolchloroform (5:95, v/v). Successive 2 ml. fractions were collected and neutralized. In fractionating a heart-liver perfusate, the neutral emulsions were evaporated to dryness on the steam bath, each was dissolved in 1-25 ml. of 0-25M-phosphate buffer (pH 7.2), and 1 ml. was assayed, by the standard kidney-particle preparations, for compounds which could be converted into fluorocitrate.
Perfusions. The coronary-perfused heart preparation of Bleehen & Fisher (1954) was used upon female rats anaesthetized with Nembutal (48 mg./kg.) and injected with heparin (2000 units). The heart-liver preparation was essentially a combination of the Bleehen & Fisher perfused heart with liver perfused according to Trowell (1942) , with adaptations based on Brauer, Pessotti & Pizzolati (1951) and Miller, Bly, Watson & Bale (1951) , the organs being arranged in parallel. Both organs were obtained from a single heparinized rat under Nembutal anaesthesis, the heart being stored in iced Ringer's solution until the liver was in the apparatus. Fig. 1 shows the apparatus. The ischaemic interval was not more than 10 min. Penicillin G sodium (Glaxo Laboratories Ltd.) (65 000 units) was added to the 55-70 ml. of perfusion fluid, which was that used by Bleehan & Fisher.
Functional hepatectomy. 'Eviscerations' (removal of the alimentary canal and those tissues between the rectum and the lower oesophagus which are connected to it) were carried out under urethane anaesthesia (1) (2) (3) (4) (5) g./kg.). When total functional hepatectomy was desired, the following were tied: rectum; oesophagus; coeliac artery; inferior and superior mesenteric arteries; and finally the portal vein.
The rat was then eviscerated and sewn up. Subcutaneous injections of penicillin G sodium (33 000 units) were made immediately after the operation (Markowitz, Rappaport & Scott, 1949) and of glucose (200 mg.) at 2-3 hr. intervals. When the hepatic arterial supply was to be retained, the same procedure was used except that, instead of the coeliae artery, its non-hepatic tributaries (lineal, gastroduodenal and left gastric) were tied; in this case penicillin, but no glucose, was injeeted. Tracheotomy was performed when necessary. FG (dissolved in 0-9 % NaCl) was Perfusion fluid in the reservoir (A) may flow through B into the cannula on which is tied the heart, in chamber C. After passing through the heart, it flows through the bottom of D into E (a Buchner funnel packed with glass wool and with a Whatman no. 351 paper at the bottom), and then through the pump F. The pump is provided with two dental valves, at entry and exit, and a gumrubber tube in the centre, which responds to the alternating pressure created in the outer chamber of F by connexion to a Dale-Schuster pump (not shown Table 2 . The citrate content of all four tissues studied was increased, the heart being most affected, but there was very considerable individual variation in response. At the presumed LD50 of 10 mg./kg. the survivors had less citrate in all tissues than had those which succumbed, and this difference was especially striking with respect to the heart. The survival time after injection decreased sharply with increasing dosage. When citrate determinations were made on the tissues removed 3 hr. or more after death, the values for poisoned aniimals were radically reduced. Thus the citrate level in freshly removed hearts of animals that had succumbed to 10 mg. of FG/kg. averaged 1173 pg./g.; but, in two similar animals in which tissues were removed 3 and 5 hr. after death, values of 97 and 136,g./g. respectively were obtained. A somewhat similar phenomenon was observed by Buffa & Peters (1949) .
Paper chromatography. The sample of FG was examined chromatographically for possible contamination with fluoroacetate. The conditions were Taken with the observation below of the inactivity of the FG against kidney particles, it is certain that no significant amount of fluoroacetate can be present in the sample, and that the effects of FG are not due to contamination of the sample with fluoroacetate.
Results with tissue homogenates and slices. The symptoms of poisoning and the great increases in citrate levels in the tissues suggested that the critical biochemical lesion occurred with aconitase, as is the case for fluoroacetate (Lotspeich, Peters & Wilson, 1952; Morrison & Peters, 1954) . If this were so, the FG was probably being converted into fluorocitrate, and fluoroacetate or fluoroacetyl coenzyme A were possible intermediates.
All attempts to duplicate the citrate accumulation with simple enzymic preparations in vitro were unsuccessful. At 2 mm, FG had no effect on oxid- (Krebs & Henseleit, 1933; Krebs, 1950) . Extracts of liver, kidney or heart slices incubated for up to 3 hr. with FG did not contain any material that gave citrate accumulation after incubation with kidney particles. It might be thought that any fluoroacetate could be detected by paper chromatography, but in this Laboratory it has proved very difficult in the products of biochemical incubation mixtures to distinguish fluoroacetate and especially to separate this from acetate. Hence the failure to induce citrate accumulation in kidney preparations is more reliable evidence for the absence of fluoroacetate.
The possibility that FG might influence glycerol metabolism or glycolysis was investigated. With FG at 7 mm (21 ,moles/flask) guinea-pig-brain glycolysis was inhibited slightly as follows: (a) no added substrate: CO2 evolution inhibited 22 %; lactate formation 13 %; phosphorus incorporation increased by 0.8,umole: (b) glucose as substrate: CO2 evolution inhibited 7 %; lactate formation 5 %; phosphorus incorporation increased 0 7 ,umole.
(Results are means of three experiments.) This suggested the possibility of some phosphorylation of FG, perhaps with small subsequent interference with glycolysis. However, with purified rat-liver glycerokinase (Bublitz & Kennedy, 1954 ) FG was not phosphorylated nor did it interfere with phosphorylation of glycerol (4 mM-FG with 10 mMglycerol).
Perfused heart. The failure of the sliced or homogenized tissues to show the citrate accumulation with FG that they did in vivo suggested that an intact perfused organ might repay study. The heart is easy to perfuse, and showed considerable increases of citrate with FG in vivo. Also it survives for many hours, and one might observe effects in it (due to an enzyme system of low concentration or of low affinity for FG) that sliced tissue would not demonstrate. The coronary-perfused heart was examined: heart beat and perfusion rate were noted for 5 hr. (or less if the heart stopped sooner), then it was removed and ground with trichloroacetic acid, and citrate determined on the extract. Table 3 shows that although 1-2 mm-fluoroacetate caused marked citrate accumulation, 4 mM-FG had no effect at all. Table 3 . Effect of fluoroacetate and DL-1-deoxy-l-fluoroglycerol on the coronary-perfuhsed rat heart
The citrate content of the tissue was determined after 5 hr., or when the heart had stopped (if before 5 hr. VoI. 70
Since the perfused beating heart is a more 'physiological' preparation, its failure to act when isolated as it did in the whole animal could most readily be explained by the assumption that, in vivo, FG must be altered or 'activated' by some other tissue than heart, before it was capable of accumulating citrate in the heart. Functional hepatectomy. As attempts to obtain comparable results in vivo and in vitro had failed, it was decided to attempt the opposite approach: rather than obtain an enzymic preparation in vitro complex enough to metabolize FG, an attempt would be made to eliminate various organs in the intact animal in order to establish their importance by observing the effect of FG injected subsequently. The liver was selected as the first organ to study.
There are two problems in connexion with hepatectomy in the rat, owing to the facts that (a) the venous return from the alimentary canal goes through the liver, by the portal vein, (b) part of the vena cava is in intimate contact with the liver. In order to remove the liver, a preliminary operation would be required in which the vena cava and portal vein are constricted in order to develop collateral circulation. Six weeks must elapse before the hepatectomy can be performed (Cheng, 1951) . Even so, the animals survive only 6 hr.
A method was therefore sought to accomplish a rapid functional hepatectomy with reasonable survival. The details of the procedure eventually evolved are given under Materials and Methods. The warnings of Markowitz (1949 a) were, however, borne in mind: tying off the portal vein and hepatic artery does not completely eliminate the liver from the circulation (presumably owing to diffusion into and out of the vena cava), and dogs treated in this way, even though provided with an Eck fistula, survive only 10-12 hr. and do not show the typical symptoms of hepatectomy.
If the portal vein is tied the animal dies rapidly (e.g. 1-5 hr.) owing to loss of blood from the general circulation into the vessels of the portal system. Therefore to improve survival the blood supply to the alimentary canal must be stopped; and since decomposition of the canal presumably begins when the circulation stops it was considered best to remove the canal and its adherent organs altogether (this is termed 'evisceration' in this paper, although the term would usually imply removal of the liver as well). As Table 4 (a and b) shows, animals so treated survive for over 12 hr., a period longer than that required for intact animals to be killed by 85 mg. of FG/kg. Yet, as Table 4 shows, this very high dose of FG had no effect on the survival time or the citrate levels of kidney or heart of these eviscerated and functionally hepatectomized animals. This proved that either the liver or the alimentary canal is essential in order to metabolize FG to a compound capable of inducing citrate accumulation, and suggested that the citrate accumulation is associated with the toxic effect.
It remained to be shown that it was the liver and not the alimentary canal that was responsible for the conversion of FG into a substance capable of inducing citrate formation. The simple experiment of removing the canal whilst retaining a normal liver was of course impossible without extensive cannulation, since the principal blood supply to the liver comes from the portal system. However, it was possible to maintain a partial circulation to the liver of the eviscerated animal by retaining the hepatic arterial circulation, which normally contributes about 20 % of the total blood supply to the liver (Markowitz, 1949 b) . One would expect that in a rat treated in this way: (i) if the alimentary canal alone were responsible for the conversion of FG, injected FG would have no effect; (ii) if the liver alone were responsible, injected FG would cause citrate accumulations, but the effect would be far less extensive (by about 80 % perhaps) than in the intact animal.
The results are given in Table 4 (c). The control levels of citrate were high, as in Table 4 (a); the full evisceration and functional hepatectomy [Table 4 (b)] had reduced the elevated citrate levels that urethane produces in the tissues, mainly heart. Elevated citrate levels had previously been noticed with urethane dosing in this Laboratory (R. A. Peters, unpublished work). Thus it seems that the presence of the liver is a prerequisite for this urethane effect. Further, it proves that the technique in Table 4 (c) was in fact effectively different from that in Table 4 (b). This is relevant to consideration of the results of FG treatment with hepatic arterial maintenance. Out of seven experiments, only three produced clear-cut increases in heart citrate as a result of injecting FG. In two of these three the increases are so very large as to suggest that there was some fundamental difference in the success of their operation compared with the other supposedly identical ones. There is no evidence about what this difference can be. However, the three animals which did show citrate increases were 'eviscerated' and therefore it is certain that the increases can take place in the absence of the alimentary canal and its associated organs.
Perfu8ed heart-liver. The above experiments showed that FG in the 'eviscerated' animals does 13 not cause citrate accumulation in the heart unless the liver is included in the system, and explain the finding that the perfused heart is insensitive to FG. As a corollary, the perfusion of the liver along with a heart should produce citrate accumulation in the heart on addition of FG. This proved to be the case, as Table 5 shows. Considerable citrate increases in the livers were also observed. Substantial accumulations were found only if both the heart and the liver were in good enough condition to be perfused fairly rapidly for over 1 hr. When either was in poor condition, FG induced small citrate accumulation in the heart. If the liver only was in good condition, citrate accumulated in the liver but not in the heart. This suggests that one or more of the systems responsible for metabolizing FG to a citrate-accumulating compound is either in low concentration in the tissue or has a low affinity for FG, and this could account for the failure with preparations of slices or homogenates of mixed liver and kidney to demonstrate the change of FG to the inhibitor of citrate metabolism.
After the heart-liver had been perfused, the solution perfused was collected and its volume reduced upon the steam bath. The resultant solution was potent in inducing citrate accumulation in respiring kidney particles, and most potent in those cases where the heart-citrate levels showed the perfusion to have been most successful. Thus 0.1 ml. of four-times concentrated perfusion solution from Experiment 10 ( (Table 5) was made alkaline and evaporated to dryness, then taken up in sulphuric acid (as in Bulen et al. 1952) and chromatographed in such a system. Fractions (2 ml.) were collected, neutralized, evaporated to dryness, dissolved in buffer and assayed against kidney particles. The results (Fig. 2) showed that a peak of citrate-accumulating activity appeared in the fraction corresponding to the peak for pure fluoroacetate. Fig. 2 Fraction no. Fig. 2 . Column chromatograms of fluoroacetate and heart-liver perfusate. 0, Sodium fluoroacetate (1 mg.); 2 ml. fractions of eluate were titrated with 0-01 N-NaOH; 0, heart-liver perfusate (20 ml.) from (Peters & Wakelin, 1953) . Therefore the above effect of perfusate against brain, if due to fluorocitrate, implies only about 0-2 ,ug./ml. in the original perfusion fluid. The evidence from the columns is consistent with the presence in the perfusion fluid of fluoroacetate and fluorocitrate. However, other degradation products of FG might be responsible for the observations with brain-particles. Toxicity of epiftuorohydrin. Epifluorohydrin is the anhydride of FG. Chemically, hydration of such epoxy compounds is easily achieved by diverse reagents. However, when injected into mice (intraperitoneally, in propylene glycol) the compound was found to have a very low toxicity. Doses up to 100 mg./kg. had no visible effect, nor did they give increased citrate levels in heart or kidney. At 200 mg./kg. death occurred in about 16 hr.: convulsions were not observed (but occasional mild ones could have escaped notice after the first few hours). The animals after 3 hr. were either badly sprawling or prostrate, with lowered body temperatures, and remained more or less prostrate until death. The citrate levels in heart and kidney were not significantly raised in the two animals whose tissues were analysed.
DISCUSSION
The results show that unaltered FG is a metabolically inactive compound, ineffective against all the enzymic systems tested in vitro, which included the pathways of glycolysis and of the tricarboxylic acid cycle. Liver slices and homogenate did not convert FG into detectable amounts of a metabolic inhibitor; but the intact liver in a perfused system converted it into a compound which could cause citrate accumulation in the intact heart or in kidney particles. In some experiments also in the 'eviscerated' animal, the liver also caused citrate accumulations from FG, whereas in the absence of the liver no extra citrate was found. The obvious hypothesis is that the compound formed is fluoroacetate or fluorocitrate. The evidence from silicagel chromatography is that fluoroacetate is present in the perfusion fluid, and the finding with the anion-exchange resin is consistent with this. However, as Fig. 2 shows, there may be other citrate-accumulating factors, eluted by butanolchloroform (5:95, v/v), in the perfusate. Fluorocitrate may also be present in small amounts. The results of Fig. 2 would be given if the liver produced from FG some compound which in the course of preparation for the column gave rise to fluoro-acetate. Fluoroacetyl-CoA would give fluoroacetate in these circumstances; in fact even in the mild conditions of the perfusion it would be converted into fluoroacetate to a very large extent (Brady, 1955) .
The difference in the behaviour of FG in the slice and in the perfusion is remarkable; it might be thought that it was due to failure to use bicarbonate media, and it should be stressed therefore that these were also used. The simplest explanation would be that there are still unknown co-factors which may escape from slices, but there are other possibilities. In any case, it indicates that there can still be no complacency about negative biochemical results.
As to the pathway of conversion of FG, no evidence is available. A plausible guess would be oxidation (possibly via the aldehyde) to 3-fluoro-3-deoxyglyceric acid (1-fluoro-2-hydroxypropane-3-carboxylic acid), followed by decarboxylation and further oxidation to fluoroacetate. Rudney (1954) showed that propane-1:3-diol could give rise to lactate or to formate; in the latter case a C2 fragment was presumably formed. If FG followed precisely the same pathway, fluoroacetate would be the C2 fragment.
The results reported here demonstrate that not only can the animal body perform 'lethal synthesis' (e.g. with fluoroacetate) to transform a compound, which is itself inactive, into a potent anti-metabolite, but that it can also degrade an inactive compound to provide the starting material for a lethal synthesis. The animal is thus prepared to go to some lengths to poison itself.
SUMMARY

